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. Ž . activation of protein kinase C PKC andror ATP-sensitive potassium channel K are involved in the protective effects of H O .
ATP 2 2 2q
Ž 2q 2q
Methods: Langendorff-perfused rat hearts were subjected to the Ca PD 10 min of Ca depletion followed by 10 min of Ca . repletion . Functional and biochemical effects of H O and other interventions on the cell injury induced by the Ca PD were assessed. 2 2 Results: In the Ca 2q PD hearts pretreated with 20 mmolrl H O , left ventricular end-diastolic pressure and coronary flow were 2 2 significantly preserved. Furthermore, peak lactate dehydrogenase release was significantly decreased and ATP contents were more preserved, compared with non-treated Ca 2q PD hearts. H O -treated hearts also showed remarkable preservation of cell structure. 2 2 Addition of a specific PKC inhibitor, chelerythrine during H O treatment completely abolished the beneficial effects of H O on the 2 2 2 2 Ca 2q PD. Similarly, an activator of PKC, Phorbol 12-myristate 13 acetate mimicked the protection by H O . Furthermore, pretreatment 2 2 with a K opener, cromakalim also provided protection similar to H O against the Ca 2q PD injury. However, a specific K ATP 2 2 ATP inhibitor, glibenclamide was not able to completely block the effects of H O . Conclusions: These findings suggest that pretreatment 2 2 with low concentration of H O provides significant protection against the lethal injury of Ca 2q PD in rat hearts. PKC-mediated 2 2 signaling pathways appear to play a crucial role in the protection against the Ca 2q PD injury. q 1998 Elsevier Science B.V.
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Introduction
Ž It is believed that reactive oxygen species i.e. H O , 2 2 y 1 . PO , POH, and O are implicated in the pathogenesis of 2 2 w x ischemiarreperfusion injury 1,2 . These reactive species are generated during ischemiarreperfusion and cause inw x jury to myocardial cells 3-9 . However, a brief exposure of myocytes to oxygen radicals generated by reaction of Ž xanthine oxidase with xanthine elicits both early 60 min . Ž . later and late 24 h later protection against anoxiarrew x oxygenation injury 10 . On the other hand, extended w x perfusion with exogenous H O 11 generated through 2 2 w x xanthine and xanthine oxidase reaction 12 causes cardiac dysfunction and irreversible pathological changes. It is w x based on our previous study 10 PD injury.
Methods

Materials
H O , cromakalim, and phorbol 12-myristate 13-acetate 2 2 Ž . PMA were purchased from Sigma Chemical; glibenclamide and chelerythrine chloride were obtained from Research Biochemical.
Heart preparation
Male Sprague-Dawley rats weighing 250 to 300 g were anesthetized by intraperitoneal injection of 30 mgrkg pentobarbital. After intraperitoneal injection of 500 Urkg heparin sodium, hearts were removed and retrogradely perfused through the aorta in a noncirculating Langendorff Ž . apparatus with Krebs-Henseleit KH buffer consisted of Ž . mmolrl NaCl 118, KCl 4.7, MgSO 1.2, KH PO 1.2, 4 2 4 CaCl 1.8, NaHCO 25, and glucose 11. The buffer was 2 3 Ž . saturated with 95% O y 5% CO pH 7.4, 378C for 50 2 2 min. Hearts were perfused at a constant pressure of 80 mmHg. A water-filled latex balloon-tipped catheter was inserted into the left ventricle through the left atrium and was adjusted to a left ventricular end-diastolic pressure of 5 mmHg during the initial equilibration. The distal end of Ž the catheter was connected to a pressure transducer Gould . P23Db . Cardiac function was determined using the double product of heart rate multiplied by left ventricular devel-Ž . w x oped pressure LVDP divided by 1000 27 . LVDP was calculated from the difference between LV peak systolic Ž . pressure and end-diastolic pressure EDP . Heart rate, left ventricular pressure, were monitored on a Grass 7D poly-Ž . graph model 7P20, Grass Instrument, Quincy, Mass. . After perfusion with the oxygenated KH buffer for an equilibration period of 20 min, a three-way stopcock above the aortic root was used to perfuse Ca 2q free KH buffer for 10 min, followed by KH buffer containing Ca 2q for 10 2q w x min in order to induce a typical Ca PD 26 . The coronary effluent was collected in a beaker, and coronary Ž . flow CF was determined volumetrically at the end of equilibration, during treatment period, the Ca 2q depletion period, and at 1.5, 3, 5, and 10 min during Ca 2q repletion. Glibenclamide and chelerythrine were directly administered through the aortic cannula at a rate of 0.2 mlrmin by a Harvard infusion pump. w x systemically investigated in our laboratory 11,12,28 . Onw x odera et al. 11 examined the dose-and time-dependent effects of exogenous H O and showed that perfusion of 2 2 100 mmolrl H O for 15 min caused no significant 2 2 changes in cardiac function and cell morphology. We chose 20 mmolrl H O for this study as the appropriate 2 2 concentration for causing minimal and reversible injury.
Group 4: H O and activation of PKC. To determine 2 2 whether the beneficial effects of H O were mediated by 2 2 PKC activation, we used a PKC activator, PMA, in order to mimic the beneficial effects by H O and a specific 2 2 PKC inhibitor, chelerythrine to reverse effects of PMA during H O treatment. Hearts were perfused with KH tocol was similar to that of group 3, except chelerythrine Ž . chloride 0.02 mmolrmin was infused for 20 min prior to 2q Ž . Ca depletion and repletion n s 7 .
Group 4C: Ca 2q PD q PMAq chelerythrine. The protocol was similar to that of group 5A, except that chelery-Ž . thrine chloride 0.02 mmolrmin was intraaortically in-Ž . fused during treatment with PMA n s 6 . tocol was similar to that for group 3, except glibenclamide Ž . 0.01 mmolrmin , was intraaortically infused for 15 min Ž . followed 5 min wash out n s 7 .
Measurement of LDH
LDH, an indicator of myocardial tissue injury, was w x determined in coronary effluent 25 . This was assayed by a coupled-enzyme spectrometric technique using a Sigma assay kit. Measurement of enzyme activity was based on oxidation of lactate and the rate of increase in absorbance at 340 nm.
Measurement of tissue ATP
The heart was immediately frozen in liquid nitrogen after Ca 2q depletion and repletion or as specified, and was freeze-dried for 24 h. 50 to 100 mg of freeze-dried tissue was crushed in precooled glass tube, and ATP was extracted with 5 ml of cold 6% trichloroacetic acid. The extract was analyzed for ATP by spectrophotometric w x method 25 .
Morphological examination
Heart tissue from the mid ventricular wall was taken at the end of Ca 2q repletion, and was cut into 1.0 mm pieces which were fixed with 2.5% buffered glutaraldehyde. A semi-quantitative estimate of cell damage was carried out on 1 mm-thick sections. Three randomly chosen blocks from each heart were examined for quantification of cell damage without prior knowledge of the treatment. Approximately 500 cells were analyzed in each heart, and one of three degrees of cell damage was assigned to each cell. Cell morphology was assessed according to the following w x Ž . Ž classification 22,23 : 1 normal compact myofibers with uniform staining of nucleoplasm, well-defined rows of mitochondria between the myofibrils, and no separation of . Ž . Ž opposing intercalated discs ; 2 mild damage same as above, except some vacuoles were present adjacent to the . Ž . Ž mitochondria ; 3 severe damage reduced staining of cytoplasmic organelles, clumped chromatin material, wavy myofibers, and granularity of cytoplasm; the cells with . contraction band necrosis were added in this category .
Statistical analysis
All values are expressed as means " SEM. Group comparisons were done by ANOVA with multiple comparisons or t-test when appropriate. A difference of P -0.05 was considered significant.
Results
Ca 2 q paradox
During Ca 2q repletion of Ca 2q -depleted hearts, the reddish color of the heart was lost, indicating a release of intracellular contents; LVEDP was significantly increased and coronary flow was significantly reduced, and no beat-Ž . ing of hearts was observed Tissue ATP contents in Ca 2q PD hearts were obviously Ž . depleted as compared with the control hearts Fig. 2 .
In Ca 2q PD hearts, most of the cells were hypercontracted, and the cell membranes were ruptured, resulting in Ž . the extrusion of intracellular contents Fig. 3 , Table 2 .
Effects of H O on Ca
2 q paradox 2 2 At the end of Ca 2q repletion, a significant improvement in CF and LVEDP was observed in H O -treated hearts 2 2 compared to hearts subjected to Ca 2q PD alone. Six in 10 hearts treated with H O resumed contraction. There were 2 2 no significant differences in LDH release and tissue ATP levels between beating hearts and non-beating hearts after 2q Ž . Ca repletion data not shown . In H O -treated hearts, 2 2 maximum LDH release was reduced significantly and ATP contents were also preserved better than control Ca 2q PD Ž . hearts without H O treatment Fig. 1, Fig. 2 . The cellu- 2 2 lar structure was also markedly preserved in the H O -2 2 treated hearts; 45.2 " 7.5% of cells were normal; 14.2 " 2.9% and 40.6 " 4.9% were mildly and severely damaged respectively; and the damage was significantly lesser than 2q Ž that in the Ca PD hearts without pretreatment Table 2 , . Fig. 3 of hearts treated with PMA plus chelerythrine.
Effects of H O and actiÕation of PKC on Ca 2 2 2q paradox
Pre-administration of chelerythrine to the hearts treated with H O caused cessation of the heart beats during Ca 2q 2 2 Ž . Fig. 3 . Effect of different interventions on the cell morphology. A: Normal heart. Nuclei showed uniform distribution of chromatin material arrow .
Ž . Compact and well-preserved myofibers were observed. =320 B: Calcium paradox heart. All cells were so hyper-contracted that the membranes were Ž . Ž . ruptured. As a result, mitochondria were extruded from the cells arrow . =320 C: H O -treated heart. Myocytes were significantly preserved compared 2 2 Ž . Ž . Ž . with nontreated calcium paradox heart B . A few severely damaged cells were also observed arrow . =320 D: Heart treated with H O and 2 2 glibenclamide. Most of myocytes were severely damaged. However, the degree of hypercontraction was less than in nontreated calcium paradox heart. Ž . Fig. 1, Fig. 2 . Furthermore, the 2 2 degree of cellular damage in chelerythrine-treated hearts was almost the same as in non-treated Ca 2q PD hearts Ž . Fig. 1 . LVEDP, coronary 2 2 flow and tissue ATP level were also preserved in PMA- Ž . blocking effect of glibenclamide GB on H O -induced protection was 2 2 achieved with 0.01 mmolrmin. However, this concentration of glibenclamide attenuated but did not completely block the protective effects of H O . 2 PMA-treated hearts also supported the biochemical find-Ž . ings Table 2 , Fig. 3 . However, these beneficial effects by PMA were abolished by infusing chelerythrine. Chelerythrine reversed the salutary effects of H O on the Ca 2q 2 2 PD injury which was almost similar to those in hearts Ž treated with PMA plus chelerythrine Table 2 , Figs. 1 and . phological findings are also in agreement with the above Ž . observations Table 2 , Fig. 3 . Fig. 5 . Dose-response effects of cromakalim on LDH release and ATP contents in hearts subjected to the Ca 2q paradox in the absence of H O . 2 2 Maximum protection was achieved with 20 mmolrl cromakalim. . Ž . Fig. 3 . After glibenclamide 0.01 mmolrmin was infused in cromakalim-treated hearts, the salutary effects by cromakalim were completely reversed.
.
Effects of H O and K actiÕation on Ca
Discussion
The present study demonstrates that low concentration of H O provides cardioprotection to rat hearts subjected 2 2 to Ca 2q PD. or PMA on the Ca 2q PD. In addition, the partial attenuation of H O -mediated effect by K inhibitor further 2 2 ATP suggests that H O also activates K . 2 2 ATP w x PKC 32 is believed to be an important regulatory enzyme of the myocardium under both normal and abnormal conditions. The abolition of H O -mediated protection 2 2 by PKC inhibition strongly points out the pivotal role of PKC in signal transduction pathways leading to protection against the Ca 2q PD. This is further strengthened by the fact that the protection can be duplicated by PMA before induction of the Ca 2q PD. 2 2 w x hardly influences tissue ATP contents 11 . Thus, the mechanism of protection by H O may be due to its direct 2 2 activation of K or indirectly mediated by PKC. How-ATP ever, H O -induced signaling pathway appears to be more 2 2 complicated, since our results show that the protection was blocked totally by chelerythrine but only partial loss of protection was observed with glibenclamide. Thus it appears that PKC activation by H O contributes to the It is generally believed that the massive production of oxygen radicals after sustained ischemia and reperfusion is involved with the pathogenesis of ischemiarreperfusion injury. However, exposure of hearts to lower concentration of reactive oxygen species before prolonged ischemia may prime hearts with alterations of ion channels through PKC activation, resulting in protection. A recent report from w x Tritto et al. 41 in which ischemic preconditioning was induced by low concentration of oxygen radicals and was blocked with oxygen radical scavengers supports our hypothesis that low dose of oxygen radicals plays a crucial role in cardioprotection by preconditioning phenomenon.
In summary, we have demonstrated that H O triggers 2 2 the protective responses and that PKC plays a crucial role in the signal transduction pathways leading to protection against the lethal cellular injury induced by the Ca 2q PD. 
